The organocatalytic asymmetric synthesis of functionalized 1,3,5-triarylpyrrolidin-2-ones bearing three contiguous stereocenters through an aza-Michael/aldol domino reaction of αketoamides with α,β-unsaturated aldehydes is described. The domino products were further derivatized by aldehyde olefination under one-pot conditions. The reaction proceeds with excellent diastereoselectivities (>20:1) and good to excellent enantioselectivities (60-96% ee).
The polysubstituted pyrrolidin-2-one or γ-lactam core is a crucial structural feature of numerous pharmaceuticals and natural products of diverse complexity possessing various biological activities ( Figure 1 ). Prominent examples are lactacystin (A) 1 isolated from Streptomyces and acting against multiple cancer cell lines as a proteasome inhibitor; clausenamide (B), 2 rolipram (C), 3 known as an anti-inflammatory and antidepressant agent; and cotinine (D), 4 a metabolite of nicotine also used as an antidepressant. Even closer to the title compounds, 3,5-diarylpyrrolidin-2-ones E have shown activity as neurokinin-1 (NK1) antagonists 5 or as endothelin receptor antagonists. 6 As a result, multiple synthetic pathways have been developed in order to access these nitrogen-containing five-membered heterocycles. 7 Various diastereoselective syntheses of these polysubstituted pyrrolidin-2-ones have already been reported, 8 whereas enantioselective methods are less developed. 9 The rapidly growing field of asymmetric organocatalysis has proved to be a powerful tool for the synthesis of chiral molecules and it has been widely applied in synthesis. 10 Particularly, organocatalyzed domino reactions have shown their efficiency when it comes to the one-pot formation of several bonds yielding highly substituted compounds with excellent diastereo-and enantioselectivities. 11 Secondary amine catalysts working via iminium or enamine activation of carbonyl compounds have been efficiently used in simple, 12 triple, 13 and quadruple 14 cascade reactions.
The organocatalyzed aza-Michael addition has been frequently used in the asymmetric synthesis of nitrogen-containing molecules. 15 Domino reactions with substrates that bear a nucleophilic nitrogen atom and electrophilic centers have been used to achieve the synthesis of heterocycles. α-Ketoamides have already been employed in organocatalysis, 16 although the nucleophilicity of their nitrogen atom has not been exploited yet in an aza-Michael addition. Furthermore, these molecules also possess two electrophilic centers that make them ideal partners for the design of new cascade reactions. Herein we wish to report an organocatalyzed asymmetric synthesis of densely substituted pyrrolidin-2-ones via an aza-Michael/aldol domino reaction sequence of α-ketoamides with α,β-unsaturated aldehydes, followed by aldehyde olefination in a one-pot fashion (Scheme 1). Scheme 1 Asymmetric one-pot synthesis of functionalized 1,3,5-triarylpyrrolidin-2-one derivatives by an organocatalytic simple domino reaction followed by Wittig olefination We began by investigating the reaction of 2-oxo-N,2-diphenylacetamide (1a), cinnamaldehyde (2a), and 20 mol% of the diphenylprolinol trimethylsilyl ether catalyst (S)-3a (Table 1) . Although chloroform, dichloromethane, and toluene yielded mainly the condensation product 7 and its isomerized equivalent 8 (entries 1-3), ethanol, methanol, and dimethyl sulfoxide appeared to furnish the desired product 4. We realized that the domino product itself was not suitable for purification and analysis due to its relative instability. As a consequence, the aldehyde 4 was trapped in a one-pot fashion with 1.5 equivalents of the stabilized Wittig reagent 5 converting it into the more stable α,β-unsaturated ester 6. After performing a short catalyst screening and an evaluation of the optimum reaction conditions, we concluded that the best results were obtained using 1.5 equivalents of the α-ketoamide 1a, 1 equivalent of the cinnamaldehyde 2a and 20 mol% of the catalyst 3a. The reaction was performed in 1.5 mL of ethanol for 4.5 hours at room temperature before the addition of 1.5 equivalents of the Wittig reagent (entry 15). A decrease in the catalyst loading gave lower yields, while increasing it gave no significant improvement; using a longer reaction time before the addition of the Wittig reagent also did not improve the outcome of the reaction (entry 11). Performing the reaction overnight yielded almost exclusively dehydrated products 7 and 8 (entry 12).
With the optimized conditions in hand, we explored the scope of the reaction. Initially we varied the α,β-unsaturated aldehyde moiety 2 (Table 2) . Although the yields show high variations (between 20 and 73%), the reaction tolerates electron-withdrawing as well as electron-donating groups giving products 6a-i with good to excellent en-antioselectivities (entries 1-9). Heteroaryl substituents are also well accepted giving 6h,i, although a lower asymmetric induction was observed with the furyl derivative 6h (entries 8 and 9). Aliphatic residues did not lead to any satisfactory results. The extension of the scope regarding the α-ketoamide substrate was also investigated. For this purpose we synthesized derivatives bearing different groups on both aromatic rings (R 1 , R 2 ), and performed the cascade reactions using the optimum conditions (entries 10-13). The yields of 6j-m as well as the enantioselectivities were in accordance with the results obtained previously. Other α-ketoamide derivatives bearing nonaromatic residues were also tested in the cascade reaction, however these did not react in the desired fashion, with the exception of the 2-oxo-2phenyl-N-tosylacetamide (1f), which gave the desired pyrrolidin-2-one 6n in very good yield with excellent enantioselectivity (entry 14).
In the present transformation we assume that the reaction is initiated by an aza-Michael addition of the nucleophilic In conclusion, we have developed a new convenient organocatalytic method for the asymmetric synthesis of functionalized 1,3,5-triarylpyrrolidin-2-ones in good yields, virtually complete diastereoselectivities, and very good enantioselectivities via an aza-Michael/aldol addi-tion domino reaction between α-ketoamides and α,β-unsaturated aldehydes. As the pyrrolidin-2-one substructure is widely present in a large number of biologically active molecules, our protocol could provide a new approach for these γ-lactams. The applications of the method described here are currently being investigated.
Unless otherwise noted, all commercially available compounds were used without further purification. Preparative column chromatography SIL G-25 UV252 from Macherey & Nagel, particle size 0.040-0.063 nm (230-240 mesh, flash). Visualization of the developed TLC plates was performed with UV irradiation (254 nm) and by staining with vanillin stain. Optical rotations were measured on a Perkin-Elmer 241 polarimeter. Mass spectra were recorded on a Finnigan SSQ7000 (EI 70 eV) spectrometer and HRMS on a Thermo Fisher Scientific Orbitrap XL spectrometer. IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum 100 using ATR-Unit. 1 H and 13 C spectra were recorded at r.t. on Varian Mercury 600 or Inova 400 instruments with TMS as an internal standard. Analytical HPLC was performed on a Hewlett-Packard 1100 Series instrument using chiral stationary phases (Daicel AD, Daicel AS, Daicel IA, Daicel OD, Diacel OJ, or Chiralpak IC). α-Ketoamide 1d was prepared from ethyl 2-(2,4-dimethoxyphenyl)-2-oxoacetate via 2-(2,4dimethoxyphenyl)-2-oxoacetic acid; α-ketoamide 1e was prepared from o-methylmandelic acid via 2-methylphenylglyoxylic acid.
α-Ketoamides 1; General Procedure
To a solution of phenylglyoxylic acid (1.774 g, 12 mmol, 1 equiv) in N,N-dimethylacetamide (30 mL) cooled to -15°C, SOCl 2 (1.0 mL, 13.8 mmol, 1.15 equiv) was added dropwise. After stirring for 1 h at this temperature, aniline (1.5 mL, 16.7 mmol, 1.4 equiv) was added and the mixture was stirred for 3 h at temperatures between -10°C and 0°C, then poured onto a mixture of ice and H 2 O and stirred at r.t. overnight. The solid formed was dissolved in Et 2 O (50 mL) and extracted with Et 2 O (3 × 20 mL). The combined organic layers were washed with H 2 O and brine, dried (Na 2 SO 4 ), and concentrated in vacuo before purification by flash column chromatography.
Scheme 2 Proposed mechanism for the domino reaction 
Domino Reaction; General Procedure
A solution of α-ketoamide 1 (0.5 mmol, 1.5 equiv), α,β-unsaturated aldehyde 2 (0.33 mmol, 1 equiv), and (S)-TMS-diphenylprolinol catalyst 3a (23 mg, 0.066 mmol, 0.2 equiv) in EtOAc (1.5 mL) was stirred at r.t. After the indicated period, the Wittig reagent 5 (0.174 g, 0.5 mmol, 1.5 equiv) was added and the reaction was stirred at r.t. for the indicated time. Brine (20 mL) was added and the product was extracted with Et 2 O (3 × 15 mL). The combined organic layers were dried (MgSO 4 ), concentrated in vacuo, and purified by flash column chromatography (n-pentane-EtOAc, 3:1).
2-Oxo-N,2-diphenylacetamide (1a)
Following the general procedure using aniline (1.5 mL, 16.7 mmol, 1.4 equiv) and phenylglyoxylic acid (1.774 g, 12 mmol, 1 equiv) with purification of the crude product by flash column chromatography (n-pentane-Et 2 O, 4:1) gave 1a (2.69 g, 99%) as a yellow solid; R f = 0.5 (n-pentane-Et 2 O, 4:1). 1 
N-(2-Iodophenyl)-2-oxo-2-phenylacetamide (1b)
Following the general procedure using 2-iodoaniline (1.41 g, 6.4 mmol, 1.4 equiv) and phenylglyoxylic acid (0.69 g, 12 mmol, 1 equiv) with purification of the crude product by flash column chromatography (n-pentane-Et 2 O 6:1) gave 1b (0.88 g, 54%) as a yellow solid; mp 47°C; R f = 0.43 (n-pentane-Et 2 O, 9:1). 
N-(4-Methoxyphenyl)-2-oxo-2-phenylacetamide (1c)
Following the general procedure using p-anisidine (431 mg, 3.5 mmol, 1.4 equiv) and phenylglyoxylic acid (376 mg, 2.5 mmol, 1 equiv) with purification of the crude product by flash column chromatography (n-pentane-Et 2 O, 2:1) gave 1c (495 mg, 76%) as a yellow solid; mp 103°C; R f = 0.43 (n-pentane-Et 2 O, 2:1).
Ethyl 2-(2,4-Dimethoxyphenyl)-2-oxoacetate
To a solution of 1,3-dimethoxybenzene (1.31 mL, 10 mmol, 1 equiv) in anhyd CH 2 Cl 2 (20 mL) cooled to 0°C under argon SnCl 4 was carefully added (1.4 mL, 12 mmol, 1.2 equiv), and the solution was stirred for 30 min at r.t. After cooling to 0°C, ethyl oxalyl chloride (3.36 mL, 30 mmol, 3 equiv) was added dropwise, followed by MeNO 2 (15 mL). The resulting dark purple solution was stirred for 1 h at r.t. The reaction was quenched by the careful addition of sat. aq NaHCO 3 (10 mL), the pH was brought to 10 by the addition of 25% NaOH (10 mL) and the mixture was stirred at r.t. for 1 h. The crude product was extracted with EtOAc (3 × 25 mL) and the combined organic layers were washed with H 2 O, dried (MgSO 4 ), and evaporated in vacuo. Flash column chromatography (n-pentane-Et 2 O 1:1) of the residue gave the product (1.133 g, 47.5%) as a colorless oil; R f = 0.26 (n-pentane-Et 2 O, 1:1). 
2-(2,4-Dimethoxyphenyl)-2-oxoacetic Acid
To a solution of ethyl 2-(2,4-dimethoxyphenyl)-2-oxoacetate (1.0 g, 4.2 mmol) in EtOH (50 mL) was added 2 M aq NaOH (14 mL). The mixture was stirred for 15 min at r.t. and the pH was brought to 1 with 10% HCl. The product was extracted with CH 2 Cl 2 (3 × 25 mL), dried (MgSO 4 ), and the solvent was evaporated. Filtration (silica gel, acetone) gave pure product (0.69 g, 79%) as a beige solid; R f = 0.4 (n-pentane-acetone, 1:1). 
2-(2,4-Dimethoxyphenyl)-2-oxo-N-phenylacetamide (1d)
Following the general procedure using aniline (0.37 g, 4.0 mmol, 1.4 equiv) and 2-(2,4-dimethoxyphenyl)-2-oxoacetic acid (0.6 g, 2.85 mmol, 1 equiv), with purification of the crude product by flash column chromatography (n-pentane-Et 2 O 1:2) gave 1d (0.79 g, 98%) as a colorless solid; mp 91-93°C; R f = 0.4 (n-pentane-Et 2 O, 1:2). 
IR (ATR

2-Methylphenylglyoxylic Acid
o-Methylmandelic acid (2.98 g, 0.025 mol) was added to 1.0 M KOH (75 mL) and the mixture was stirred at 0°C for 10 min. KM-nO 4 (6.0 g, 37.8 mmol) was added portionwise and the resulting solution was stirred for 30 min at 0°C. Na 2 SO 3 (21 g, 165 mmol) was added, and concd HCl was added carefully until the solution became colorless. The product was extracted with CH 2 Cl 2 (4 × 50 mL) and dried (MgSO 4 ). Evaporation of the solvent gave 2-methylphenylglyoxylic acid (1.96 g, 48%) as a colorless solid; mp 73°C; R f = 0.5 (n-pentane-acetone, 1:1). 
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2-Oxo-N-phenyl-2-(2-tolyl)acetamide (1e)
Following the general procedure using aniline ( 
2-Oxo-2-phenyl-N-tosylacetamide (1f)
SOCl 2 (0.6 mL, 8 mmol, 1.2 equiv) was added dropwise to a solution of phenylglyoxylic acid (1 g, 6.6 mmol, 1 equiv) in N,N-di-methylacetamide (16 mL) cooled to 0°C. After stirring at this temperature for 10 min, 
Ethyl (E)-3-[(2S,3R,4R)-4-Hydroxy-5-oxo-1,2,4-triphenylpyrrolidin-3-yl]acrylate (6a)
Following the general procedure with purification by flash chromatography (n-pentane-EtOAc 
Ethyl (E)-3-[(2S,3R,4R)-4-Hydroxy-2-(4-methoxyphenyl)-5oxo-1,4-diphenylpyrrolidin-3-yl]acrylate (6b)
Following the general procedure with purification by flash chromatography (n-pentane-EtOAc Ethyl (E)-3-[(2S,3R,4R)-2-(4-Chlorophenyl)-4-hydroxy-5-oxo-1,4-diphenylpyrrolidin-3 -yl]acrylate (6c) Following the general procedure with purification by flash chromatography (n-pentane-EtOAc, 3:1) gave 6c as a colorless solid; yield: 88 mg (58%); mp 90-92°C; 90% ee [chiral stationary phase HPLC (Daicel AS)]; R f = 0.4 (n-pentane-EtOAc 
Ethyl (E)-3-[(2S,3R,4R)-4-Hydroxy-2-(4-nitrophenyl)-5-oxo-1,4-diphenylpyrrolidin-3-yl]acrylate (6e)
Ethyl (E)-3-{(2S,3R,4R)-4-Hydroxy-5-oxo-1,4-diphenyl-2-[3,4,5-tris(benzyloxy)phenyl]pyrrolidin-3-yl}acrylate (6f)
tert-Butyl 3-{(2S,3R,4R)-3-[(E)-3-Ethoxy-3-oxoprop-1-enyl]-4hydroxy-5-oxo-1,4-diphenylpyrrolidin-2-yl}-1H-indole-1-carboxylate (6i)
